Standard volumetric neuroimaging studies have demonstrated preferential atrophy of subcortical structures among individuals with HIV. However, to our knowledge, no study has investigated subcortical shape alterations secondary to HIV and whether advancing age impacts that relationship. This study employed 3D morphometry to examine the independent and interactive effects of HIV and age on shape differences in nucleus accumbens, amygdala, caudate, hippocampus, pallidum, putamen, and thalamus in 81 participants ranging in age from 24 to 76 including 59 HIV1 individuals and 22 HIV-seronegative controls. T1-weighted MRI underwent a preprocessing pipeline followed by automated subcortical segmentation. Parametric statistical analyses were used to determine independent effects of HIV infection and age on volume and shape in each region of interest (ROI) and the interaction between age and HIV serostatus in predicting volume/shape in each ROI. Significant main effects for HIV were found in the shape of right caudate and nucleus accumbens, left pallidum, and hippocampus. Age was associated with differences in shape in left pallidum, right nucleus accumbens and putamen, and bilateral caudate, hippocampus, and thalamus. Of greatest interest, an age 3 HIV interaction effect was found in the shape of bilateral nucleus accumbens, amygdala, caudate, and thalamus as well as right pallidum and putamen such that increasing age in HIV participants was associated with greater shape alterations. Traditional volumemetric analyses revealed main effects for both HIV and age but no age 3 HIV interaction. These findings may suggest that age and HIV infection conferred additional deleterious effects on subcortical shape abnormalities beyond the independent effects of these factors. Hum Brain Mapp 38:1025-1037, 2017. 
INTRODUCTION
As the HIV-infected population continues to age, questions regarding the synergistic effects of HIV and normal aging on neurofunction are becoming of ever-increasing importance. The neuroAIDS literature regarding the impact of aging is mixed. While a number of studies have found that older adults with HIV infection are more vulnerable to cognitive problems compared to healthy elderly controls as well as younger HIV1 cohorts [Becker et al., 2004; Gonzalez & Cherner, 2008; Rodriguez-Penney et al., 2013; Hinkin et al., 2004; Sacktor et al., 2011; Valcour et al., 2004] , few studies have reported an interactive effect of advancing age and HIV infection [Sacktor et al., 2010; Chang et al., 2011; Morgan et al., 2011; Vance, 2011] , or have found evidence to support that advancing age is an additive risk factor for neurocognitive dysfunction among HIV1 individuals [Valcour et al., 2011; Cysique et al., 2011; Kissel et al., 2014] .
On the other hand, studies using magnetic resonance spectroscopy (MRS) have reported significant age 3 HIV interactive effects, particularly within neurometabolites in frontal white matter Harezlak et al., 2011; Cysique et al., 2013] . Although a significant interaction effect of HIV and age was not reported, a study using task-based functional MRI [Ances et al., 2010] demonstrated that the task-related blood-oxygen dependent level signal for HIV1 participants was equivalent to that of HIV-control participants who were 15 years older. Finally, a study using diffusion tensor imaging found significant interaction effects of HIV and age in subcortical white matter and frontal regions [Chen et al., 2009] .
Together, these studies support the contention that HIV may accelerate brain aging. Furthermore, significant effects of advancing age and HIV infection on brain integrity have been reported in cortical regions and specific white mater tracts. To our knowledge, interactive effects of HIV infection and advancing age on brain structure have not been reported in subcortical regions. We suggest here that the previous inability to find significant age 3 HIV interactive effects in subcortical structures may be due to the methodologies employed rather than an absence of an age 3 HIV interaction.
Studies that have examined subcortical structures have used volumetrics as the primary method of investigation. While volumetric methods have provided critical insights into adverse effects of HIV and aging on brain structure, this method is limited by its poor spatial resolution, which makes it difficult to detect changes which may be specific to particular regions or nuclei of brain structures. Considering that pattern and rate of disease-related neuronal loss does not occur in a uniform linear fashion, computing total volume for a particular subcortical structure may be suboptimal for capturing early changes. Rather, there is often an insidious progression of neurodegeneration, at first without overt clinical sequelae, that progresses until cognitive and/or motor symptoms become apparent. This pattern of insidious neural insult is seen in disorder such as Parkinson's disease [Braak et al., 2004 ], Alzheimer's disease [Hynd et al., 2004; Ballatore, Lee & Trojanowski, 2007] , and other forms of progressive neurodegenerative disorders. Similarly, there is reason to believe that HIV associated neurologic damage unfolds well before overt cognitive manifestations emerge [Masliah et al., 1995; Zhang et al., 2003; Jones et al., 2007; Thames et al., 2011; Fields et al., 2014; Bryant et al., 2015] . Therefore, an analytic method with greater spatial resolution may provide the sensitivity needed to capture neural changes that occur due to deleterious interaction effects of advancing age and HIV infection Shape analysis, a method of Bayesian surface based analysis, is one such methodology that may be more sensitive to regional (e.g., specific nuclei) changes not detectable by standard volumetric methods [Patenaude et al., 2011] . Indeed, shape analysis provides more direct measurements than voxel based morphometry (VBM), including identification of boundaries, as well as location and direction of shape changes [Fern andez-Espejo et al., 2015; Fallon et al., 2013; Kim et al., 2013] . For example, studies using shape analysis to examine normal aging have shown that agerelated atrophy of the thalamus is greatest in anterior regions [Hughes et al., 2012] . This is consistent with other investigations that have documented normal aging effects in the anterior nuclei of the thalamus (such as the ventral anterior and the ventral lateral nucleus) that project to cortical regions [Alexander et al., 1986; Raz et al., 1997; Salat et al., 2009] [Voineskos et al., 2015] . Studies of HIV1 populations suggest that shape analysis provides increased sensitivity beyond that of volumetrics for detecting deformations in subcortical structures between HIV1 and HIVseronegative groups [Wade et al., 2015; Thompson et al., 2006] . Similarly, studies have supported increased sensitivity for shape analysis, for detecting structural deformations in Parkinson's disease (PD) and Alzheimer's disease (AD) [McKeown et al., 2008; Csernansky et al., 2000] . Additionally, shape analysis, but not volumetrics were shown to relate to meaningful outcomes in these studies, such as severity of motor symptoms in PD and progression from mild cognitive impairment to AD [Nemmi et al., 2015; Costafreda et al., 2011] . These studies suggest that degeneration is not uniform and that shape analysis may detect subtle variations in specific regions of structures that may be undetected/lost when the volume of the entire structure is measured. We are unaware of any existing studies that have examined the independent and interactive effects of aging and HIV on subcortical structural abnormalities using methods of shape analysis. Based on findings derived using other imaging approaches, we identified the following candidate regions for shape analyses: nucleus accumbens, amygdala, caudate, hippocampus, pallidum, putamen, and thalamus. We examined (1) the effects of HIV infection on volume and shape in each region of interest (ROI); (2) the association between age and volume/shape in each ROI; and (3) the interaction between age and HIV in predicting volume/shape in each ROI.
METHODS

Participants
Participants included 59 HIV1 (confirmed by serologic testing) and 22 HIV-negative participants who were enrolled as part of a larger study (K23 MH095661; PI: A.D.T.). All procedures were in accordance with the Declaration of Helsinki, reviewed and approved by the University of California, Los Angeles (UCLA) Institutional Review Board prior to enrollment and all participants provided written informed consent. The Structured Clinical Interview (SCID) for DSM-IV [First et al., 1995] , and questionnaires about neurological and medical history were used to screen for neurological, psychiatric, and medical confounds including: history of seizure disorder or other neurologic disorder; history of concussion or traumatic brain injury sufficient to warrant medical attention; history of Axis I psychiatric disorder or current substance use disorder (SCID-IV diagnostic criteria); current prescription for psychotropic medication, except for anxiolytics and antidepressants; current substance dependence or methamphetamine use, comorbid CNS infection (e.g., Hepatitis C), HIV-associated CNS opportunistic infection (e.g., toxoplasmosis) or neoplasm. Participants were also screened for MRI contraindications.
Group Demographic Comparison
Demographic factors (e.g., age, education) and clinical factors (e.g., past drug use) between HIV1 and HIV2 groups were compared using one-way analysis of variance (ANOVA). Group differences in dichotomous factors (e.g., gender, ethnicity, and urinalysis results) were assessed using chi-square analyses. We used p < 0.05 as our cutoff for statistical significance for these demographic analyses (Table I) . 
MRI Acquisition
Shape Processing and Analysis
3D volumetric T1-weighted anatomical scans were acquired from 59 HIV1 and 22 HIV2 individuals. The following preprocessing steps were completed using the University of Southern California, Enhancing Neuro Imaging Genetics Through Meta Analysis (ENIGMA) processing software (http://enigma.ini.usc.edu/protocols/). Anatomical scans subsequently underwent intensity inhomogeneity normalization using the MNI "nu_correct" tool (www.bic. mni.mcgill.ca/software/). Each T1-weighted anatomical image was linearly aligned to a standard brain template (the Colin27) [Holmes et al., 1998 ] using FSL's FLIRT [Jenkinson et al., 2002] with 9 degrees of freedom to allow translations, rotations and scaling in 3D. Next, using FMRIB Software Library (FSL) [Smith et al., 2004] , the preprocessed data was run through an automated, modelbased subcortical segmentation protocol (FSL FIRST) [Patenaude et al., 2011] using a boundary correction method. The vertex and bvar files of automatically segmented subcortical structures (which included the amygdala, nucleus accumbens, caudate, hippocampus, pallidum, putamen, and thalamus) in the left and right hemisphere were then visually inspected for quality and the bvar files for the segmented subcortical structures were concatenated both between-group and within-group.
All automatically segmented ROIs for each participant are aligned to the same standard space. Each vertex provides surface ROI data in the same location and space for each participant. To perform group-level analyses, each participant's data must be registered to a standard space so that each vertex is aligned within a given space for group comparisons. The mean surface of the sample is used as the reference point.
Next, scalar vertex values were then analyzed using parametric statistical analyses to investigate the relationship between age, HIV status and the size and shape of the aforementioned subcortical structures. These analyses were performed using a Monte Carlo simulation in FSL randomize script [Hayasaka and Nichols, 2003; Nichols and Holmes, 2002] . Regressions assessed the relationship of radial distance at each vertex to variables of interest (i.e., age, HIV status, and the HIV 3 Age interaction) after regressing out covariates. A multistep, quality-controlled processing pipeline was used to correct for multiple sources of artifact; nonetheless, we chose to employ a conservative p-value threshold (p < 0.0001). When results indicated that a variable of interest was associated with a deformed vertex, the angle of vector depicting the direction of this effect was used to determine the type of shape alteration this represented. Significant vertices where the direction of the effect indicated that the change was inward toward the center of the subcortical structure were classified as "shrinking" vertices, a finding indicative of atrophy. Significant vertices where the direction of effect indicated changes that were outward away from the structure but with an angle of <458 from the surface of the structure, were classified as "thinning" vertices. This distinction was made to clarify that some (<458) positive vectors signify elongation of the subcortical surface whereas others (>458) indicate enlargement, or hypertrophy of the structure subregion (Fig. 1) .
Illustration of shape changes as defined by the angle of deformation from the original position of a surface vertex (A). Any vertex with significant decrease in position, regardless of angle, denotes atrophy (B). Vertices with significant increase in position >458 denotes hypertrophy (C). A significant increase in position <458 denotes deformation of the vertex in such a way as to result in elongation or thinning of the structure (D).
Volumetric Analysis
Following quality inspection of automatic segmentation, mean volumes were extracted for each participant's nucleus accumbens, amygdala, caudate, hippocampus, pallidum, putamen, and thalamus. Age was centered and then used to create a centered age 3 HIV interaction term. Separate ordinary least square regressions were performed to investigate the relationship between HIV status, age, 
RESULTS
Demographic Group Comparison
The HIV1 and HIV-seronegative groups did not significantly differ on age, years of education, ethnicity, or gender. None of the participants tested positive for barbiturates, cocaine, methamphetamine, phencyclidine, or MDMA. The HIV serostatus groups also did not differ on current alcohol or substance abuse, past (i.e., self-reported lifetime) substance dependence, past substance abuse, past alcohol dependence, or past alcohol abuse. Participants were not included in the study if they reported previous methamphetamine abuse or dependence.
Bivariate correlations showed that years of education was significantly positively associated with volume of the left putamen (r 5 0.25, P 5 0.02), left amygdala (r 5 0.23, P 5 0.03), and right pallidum (r 5 0.25, P 5 0.02). We also found a significant positive relationship between years of education and enlarged shape of regions on all ROIs. There were no significant associations between sex or race/ethnicity and volume or shape of any ROI. Given that education did not differ between HIV groups, education was not included as a covariate in the regression models reported below.
Subcortical Shape Analysis
A multistep, quality-controlled processing pipeline was used to correct for multiple sources of artifact; nonetheless, we chose to employ a conservative p-value threshold (p < 0.001). All results reported below were significant (p < 0.001) and are displayed in empirically derived figures showing the location (i.e., subregion) of significant results on each subcortical structure.
A significant effect of HIV serostatus on subcortical structure shape was found in regions of the left putamen, right caudate, right nucleus accumbens and bilateral hippocampi (F > 4, p < 0.001; see Fig. 2 and Table II for specific subregion details]. HIV infection was associated with shrinking in regions of the right nucleus accumbens, left putamen, and bilateral hippocampus, and thinning in the right caudate. No significant effect of HIV was found in the shape of bilateral amygdala, pallidum, or thalamus.
F-statistic maps of the main effect of HIV on (a) right anterior, (b) posterior, (c) right posterior, and (d) left anterior nucleus accumbens, amygdala, caudate nucleus, hippocampus, putamen, pallidum, and thalamus. Significant results reported for F-values 4, as indicated by regions in turquoise and blue.
Age was significantly correlated with shape changes in regions of the left pallidum, right nucleus accumbens, and right putamen, as well as bilateral caudate, hippocampus and thalamus (F > 4, p < 0.001; see Fig. 3 and Table III for specific subregion details). Age was associated with shrinking of regions of the right nucleus accumbens and bilateral hippocampus, in addition to thinning in regions of the bilateral caudate and bilateral thalamus. Furthermore, age was associated with enlargement in regions of the left pallidum, right putamen, and bilateral caudate. No significant associations were found between age and the left nucleus accumbens, left putamen, right pallidum, or bilateral amygdala.
F-statistic maps of the main effect of age on (a) right anterior, (b) posterior, (c) right posterior, and (d) left anterior nucleus accumbens, amygdala, caudate nucleus, hippocampus, putamen, pallidum, and thalamus. Significant results reported for F-values 4, as indicated by regions in turquoise and blue.
An age 3 HIV interaction was found in regions of bilateral nucleus accumbens, amygdala, caudate, and thalamus as well as right pallidum and right putamen (F > 4, p < 0.001; see Fig. 4 and Table IV for specific subregion details) such that with increased age the HIV1 participants demonstrated greater shape change. Specifically, this age 3 HIV interaction was seen with shrinking of regions of bilateral nucleus accumbens and the right lateral caudate, thinning in regions of the bilateral amygdala and 
Volumetric Analysis
Standard volumetric analyses were then conducted to determine whether the interactive effect of age and HIV infection was detectable in the average volume of these subcortical structures. To assess the effects of HIV status, age, and age 3 HIV interaction on subcortical volume, separate ordinary least squares regression analyses were conducted using the entire volume of each unilateral ROI as the outcome and HIV status, age, and age 3 HIV interaction term as predictors. While the overall regression models were significant for all ROIs except the left and right amygdala, the age 3 HIV interaction was not a significant predictor in any of these regressions.
DISCUSSION
This study examined the independent and interactive effects of age and HIV serostatus on subcortical brain structure by using shape analysis, a neuroimaging analysis method that provides a more precise measurement of morphometry than analyses conducted using a global metric of mean structure volume. We found significant age 3 HIV interactive effects suggesting that with older age, HIV1 participants demonstrated greater shape changes in several subcortical structures than younger HIV1 participants and both older and younger controls. In bilateral nucleus accumbens, amygdala, and caudate, results showed that increased age in HIV1 participants conferred regional elongation or thinning. Somewhat counterintuitively, the age 3 HIV interactive effect related to enlargement of regions in ventral and pulvinar regions of bilateral thalamus as well as right ventral, medial and lateral pallidum and right ventral, medial and lateral putamen. In the right pallidum, age 3 HIV associated hypertrophy was found in different subregions (ventral, medial, and lateral areas) than those where we found age-related hypertrophy (dorsal areas). Pathologic enlargement (i.e., hypertrophy) of subcortical structures has been found in studies of other HIV1 populations [e.g., Castelo et al., 2007; Wade et al., 2015] and may represent HIV-related basal ganglia hypermetabolism [Hinkin et al., 1995; Rottenberg et al., 1996; von Giesen et al., 2000] . Meyerhoff et al. [1996] reported decreased NAA/Cho specifically in the putamen, pallidum, and thalamus in HIV1 participants compared to controls. However, these authors did not find neuronal loss related to decreased NAA/Cho. Therefore, these results were taken to suggest metabolic abnormalities that occurred without secondary atrophy in the putamen, pallidum, and thalamus. While HIV creates a neurotoxic environment within the CNS leading to cell death and regional atrophy, there are also several consequences of HIV infection which can lead to hypertrophy, including abnormal proliferation of astrocytes (i.e., astrocytosis) [Buffo et al., 2008; Ton & Xiong, 2013; Tavazzi et al., 2014] , normal proliferation of CNS cells attempting to maintain homeostasis in the presence of a viral infection [Cassol et al., 2014; Vartak-Sharma et al., 2016] , aquaporin dysregulation [Aoki-Yoshino et al., 2005; Benga and Huber, 2012; Xing et al., 2016] , neurotropic factor dysregulation [Gage et al., 1989; Fields et al., 2014] and expansion of neuronal somas during infection prior to apoptosis [Kaul et al., 2001; Mbita et al., 2014] . It is possible that one or more of these cellular mechanisms drive the pattern of atrophy/hypertrophy found in this study and that the co-occurrence of these events is obscured when assessing the entire structure as a single volume. Consistent with previous literature, we found that HIV was associated with subcortical shape abnormalities that were specific to the right caudate, right nucleus accumbens, left pallidum, and left hippocampal tail. These shape abnormalities were exclusively shrinking and/or thinning which is consistent with our knowledge of HIV effects on subcortical degeneration [e.g., Becker et al., 2011; Wade et al., 2015] . Additionally, significant age effects were found among a number of subcortical regions. Specifically, increased age was related to shrinking of the right nucleus accumbens and bilateral hippocampi. Increased age was also related to thinning of bilateral caudate and bilateral thalami. The shrinking and thinning findings are in line with prior research demonstrating age-related volumetric loss in subcortical structures [e.g., Goodro et al., 2012; Walhovd et al., 2005] and provide further insights into specific ROI subregions that may be most susceptible to agerelated morphology changes.
Interestingly, age was also related to enlargement of the dorsal caudate body, as well as regions of the left lateral pallidum and right dorsal putamen. To the best of our knowledge, there have been no studies using shape analysis to investigate effect of aging on the ROIs we investigated here. However, age-related enlargement has been report by authors using shape analysis to interrogate other ROIs. One such study employing shape analysis found age-related enlargement of the substantia nigra and the medial portion of the subthalamic nucleus [Visser et al., 2016] . Regarding age-based trajectories of subcortical volume, the literature is inconsistent [for a review, see Walhovd et al., 2011] . For example, several studies report agerelated decline in caudate volume [Greenberg et al., 2008; Gunning-Dixon et al., 1998; Jernigan et al., 2001; Raz et al. 2005 ] while a more recent study found volumetric increase in the caudate in advanced aging [Fjell et al., 2014] . Walhovd et al. [2005] report age-related volume loss across all cortical and subcortical regions investigated. However, these authors also found age-related deceleration of atrophy in the caudate, putamen, and pallidum, suggesting unique age-related anatomical changes in these structures. One possible mechanism underlying these corpus striatum findings may be increased neuron soma size as a compensatory mechanism modulating against age-related atrophy [Cabello et al., 2002] and against progression of neurodegeneration into dementia [Iacono et al., 2008] . Further studies using shape analysis and histology may be needed to further elucidate these findings.
We are intrigued by our findings related to aging and enlargement of subcortical regions, as it not only provides more detail into neuropathological changes, but may also account for why previous studies using volume-based methods have failed to find interactive effects. Averaging volume across a region with structural enlargement in certain subregions and degeneration within others (as was the case for the right pallidum) may not fully capture the complexity of structural changes. We also did not find age-related volumetric increases in any ROI, further suggesting that the spatial sensitivity of shape analysis provides additional information about subcortical morphology than volumetric findings. Further, recent literature suggests that HIV-associated accelerated brain aging likely occurs via similar cellular mechanisms as normal aging [Rickabaugh et al., 2015] . Thus, it is possible that some of the underlying neuropathology driving these aging-related hypertrophies are also involved in the hypertrophy found in older HIV1 participants. Such age-related mechanisms may include increased microglia proliferation with age [Hua et al., 2012] , morphologic hypertrophy of activated microglia [Streit et al., 2004; Flanary, 2005] leading to improper removal of damaged or senescent microglia [Mosher & Wyss-Coray, 2014] , increased trafficking of peripheral leukocytes into the CNS [Ritzel et al., 2016] , altered neuroprotective and inflammatory functions of microglia [Nakanishi & Wu, 2009; von Bernhardi et al., 2010] and inflammation-related (e.g., CD41 T lymphocyte) neurogenesis within healthy tissue [Kipnis et al., 2004; Ziv et al., 2006; Wolf et al., 2009 ; for a detailed review, please see Schwartz et al., 2013] .
Results of volumetric analyses investigating the independent effects of HIV status and age on subcortical volume were largely in agreement with the results of shape analysis. Significant independent effects of age and HIV status were found on subcortical volume. However, we did not find an interactive effect on subcortical volume despite finding interactive effects on subcortical shape, further supporting the notion that shape analysis is a more appropriate method for investigating the interaction effects of advancing age and HIV infection.
Together, these findings both support and expand upon previous literature demonstrating deleterious effects of HIV and aging on subcortical volume Becker et al., 2011; Ances et al., 2012] and subcortical shape. Importantly, these findings support the contention that the lack of age 3 HIV interactive findings to date does not necessarily translate to the absence of effects. Rather, it is possible that the presence of both enlargement and thinning/reduction within a particular region obscures the results of volumetric analyses by reducing the sensitivity for detecting regionally specific change. Volumetric measurements only allow for inference about atrophy or hypertrophy of the entire structure. Shape analyses allow for inferences about different mechanisms of atrophy, including shrinking and elongation, that are highly spatially specific and which suggest different forms of pathologic neuronal changes, and possibly explains the heterogeneity of cognitive impairments seen in HIVassociated neurocognitive disorder (HAND).
There are limitations of this study worth noting. First, even for an imaging study, we had a relatively small sample of participants that consisted of primarily African American and Caucasian males, which may not generalize to other ethnic/racial subgroups or women. Considering r Effects of HIV and Aging on Subcortical Alterations r r 1033 r that this was a cross-sectional study, we cannot make inferences about long-term outcomes or the rates of neuroanatomic change in our HIV1 cohort. HIV1 average age was 50, which could be considered young for aging studies. However, our age range included HIV1 participants from 24 to 76 years old. Additionally, this does represent a relatively older HIV1 population and, given that recent studies have demonstrated that HIV infection is associated with accelerated aging [Horvath et al., 2015] , it is not surprising that we were able to find age effects in this sample. Further, the results of shape analyses must be interpreted with some caution, as changes on the shape of a structures surface do not give direct information about changes occurring at the cellular level.
Despite these limitations, the findings of the current study provide a unique contribution to the existing literature on HIV and aging and have important potential clinical implications for neurobehavioral outcomes. Given that this study found that age and HIV infection conferred additional deleterious effects on subcortical shape beyond the independent effects of these factors, it is possible that older HIV1 individuals are at risk for cognitive problems in functions associated with these structures as well as an accelerated trajectory of cognitive decline.
